Nitroxyl (HNO), one-electron reduced and protonated sibling of nitric oxide (NO), is a potential regulator of cardiovascular functions. It produces positive inotropic, lusitropic, myocardial anti-hypertrophic and vasodilator properties. Despite of these favorable actions, the significance and the possible mechanisms of HNO in diabetic hearts have yet to be fully elucidated. H9c2 cells or primary neonatal mouse cardiomyocytes were incubated with normal glucose (NG) or high glucose (HG). Male C57BL/6 mice received intraperitoneal injection of streptozotocin (STZ) to induce diabetes. Here, we demonstrated that the baseline fluorescence signals of HNO in H9c2 cells were reinforced by both HNO donor Angeli's salt (AS), and the mixture of hydrogen sulfide (H 2 S) donor sodium hydrogen sulfide (NaHS) and NO donor sodium nitroprusside (SNP), but decreased by HG. Pretreatment with AS significantly reduced HG-induced cell vitality injury, apoptosis, reactive oxygen species (ROS) generation, and hypertrophy in H9c2 cells. This effect was mediated by induction of caveolin-3 (Cav-3)/ endothelial nitric oxide (NO) synthase (eNOS) complex. Disruption of Cav-3/eNOS by pharmacological manipulation or small interfering RNA (siRNA) abolished the protective effects of AS in HG-incubated H9c2 cells. In STZ-induced diabetic mice, administration of AS ameliorated the development of diabetic cardiomyopathy, as evidenced by improved cardiac function and reduced cardiac hypertrophy, apoptosis, oxidative stress and myocardial fibrosis without affecting hyperglycemia. This study shed light on how interaction of NO and H 2 S regulates cardiac pathology and provide new route to treat diabetic cardiomyopathy with HNO.
Introduction
Diabetes is closely related to both microvascular and macrovascular complicates. The later is responsible for high incidence of cardiovascular diseases including stroke, myocardial infarction and peripheral vascular diseases [1] . As a common complication of diabetes, diabetic cardiomyopathy (DCM) is believed to be responsible for the morbidity and mortality among diabetic patients [2] . DCM is manifested by various structural and functional anomalies in the myocardium, such as cardiomyocyte hypertrophy, myocardial fibrosis, cardiac autonomic neuropathy and apoptosis, as well as left ventricular diastolic and systolic dysfunction [3] . These characteristics of DCM are prognostic indicators for mortality in diabetic patients [3] . Hence, development of novel therapeutic strategies or discovery of new pharmacological targets to treat DCM is paramount.
Accumulating evidence has revealed that systemic and sterile inflammation, excessive reactive oxygen species (ROS) generation, insufficiency of antioxidant systems, impaired endothelial nitric oxide (NO) synthase (eNOS)/NO signaling, mitochondrial dysfunction, and cell apoptosis contribute to diabetes-induced myocardial injury [4] [5] [6] . Targeting these signaling pathways may represent a crucial strategy for combating the myocardial damage in diabetic population. Nitroxyl (HNO) is reported to target distinct signaling pathways to exert cytoprotective actions [7] . In vascular tissues, HNO donors induce vasodilatation, and attenuate vascular smooth muscle cell proliferation [7, 8] . HNO donors suppress angiotensin II (Ang II) or endothelin-1 (ET1)-induced cardiomyocyte superoxide generation in primary cardiomyocytes [9] . HNO donors also exhibit antihypertrophic actions in the intact heart induced by pressure overload [10] . Chronic administration of HNO donor CXL-1020 attenuates the elevated left ventricle filling pressures, improves the end diastolic pressure volume relationship in rat models of diastolic heart failure [11] . Despite of these observations, whether HNO can be used to treat diabetic cardiomyopathy is still unknown. In addition, the underlying mechanisms by which HNO https://doi.org/10.1016/j.redox.2020.101493 Received 25 October 2019; Received in revised form 24 February 2020; Accepted 3 March 2020 exerts beneficial actions in the myocardium remain obscure. Considering the potential functions of HNO in cardiovascular system, we herein, hypothesized that exogenous HNO donor may attenuate diabetic cardiomyopathy injury in diabetic mice.
Material and methods

Chemicals and reagents
Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), and trypsin-EDTA were purchased from Hyclone Laboratories (South Logan, UT, USA). The RIPA lysis buffer was obtained from ThermoFisher Scientific Inc (Waltham, MA. USA). Cell culture plates were purchased from Costar Corning Inc. (Corning, CA, USA). Angeli's salt (AS), Piloty's acid, and WSP-1 (a reactive disulfide-containing fluorescent probe for H 2 S detection) were procured from Cayman chemical company (Ann Arbor, MI. USA). Dihydroethidium (DHE), sodium hydrosulfide (NaHS), sodium nitroprusside (SNP), L-NAME (NG-Nitro-L-arginine Methyl Ester) and L-cysteine (L-cys) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Click-iT™ Plus EdU (5ethynyl-2′-deoxyuridine) Alexa Fluor™ 488 Imaging Kits, MitoSOX™, 4amino-5-methylamino-2′,7′-difluorofluorescein diacetate (DAF-FM diacetate), Click-iT™ Plus TUNEL Assay for In Situ Apoptosis Detection, Alexa Fluor™ 488 dye were obtained from Invitrogen (Carlsbad, CA, USA). Nitric oxide (NO) assay kits, cell counting kit-8 (CCK-8) kits, and mitochondrial membrane potential assay kits with JC-1, as well as the kits for measurement of lactate dehydrogenase (LDH), malondialdehyde (MDA), superoxide dismutase (SOD) and glutathione (GSH) activities were purchased from Beyotime Institute of Biotechnology (Shanghai, China). Cell-Light™ EdUTP Apollo®567 TUNEL Cell Detection Kit was purchased from RiboBio (Guangzhou, China). Antibodies against CTH Antibody (F-1), p22 phox , p47 phox , Bax, Bcl-2, GAPDH, β-tublin, phosphorylated-eNOS, total-eNOS, caveolin-3 (Cav-3), and the horseradish peroxidase conjugated secondary antibodies were purchased from Santa Cruz BiotechnologyInc (Santa Cruz, CA. USA). Antibodies against cleaved-caspase-3 and α-actinin were obtained from Abcam (Cambridge, MA. USA).
Animals
All animal procedures were performed in accordance with the guidance of Institutional Animals Care and Use Committee at National of University of Singapore, and our animal project was approved (R18-0422). All experiments were adhered to the Care and Use of Laboratory Animal published by the US National Institutes of Health (NIH publication, 8th edition, 2011). The mice were purchased from InVivos (Singapore) and housed in a temperature-controlled and humiditycontrolled room.
Induction of diabetes in mice
Diabetes mellitus was induced in male C57BL/6 mice aging from 8 to 10 weeks old by a single intraperitoneal (i.p.) injection of STZ (100 mg/kg), which was dissolved in 100 mM citrate buffer (pH 4.5) as depicted previously [12, 13] . Control mice received an equivalent volume of citrate buffer. After one week, the mouse tail vein blood glucose levels were measured by the Roche Accu-Chek Active blood glucose monitor. The mice with a fasting blood glucose level more than 12 mmol/L were considered diabetic. All mice were allowed free access to standard laboratory chow and tap water for another 3 months. Eight weeks after STZ injection, the diabetic and control mice were randomly divided into two groups, which were received injection (i.p.) of normal saline or AS (10 mg/kg/day) for consecutive 4 weeks. In brief, four groups were included (1) vehicle-treated nondiabetic mice, (2) AStreated nondiabetic mice, (3) vehicle-treated diabetic mice, and (4) AStreated diabetic mice. At the end of the experiments, the mice were killed under anesthesia after cardiac function measurement. The body weight was recorded, and the blood samples, heart tissues were collected.
Echocardiography
The cardiac function was measured with a high-resolution echocardiography system (Vevo 2100, VisualSonics) as we previously described [14] . In short, the mice were anesthetized with isoflurane inhalation (1%) and maintained at 37°C on a heating pad. All measurements were the average of six consecutive cardiac cycles and performed by the same operator. The following parameters were measured and calculated: left ventricular fractional shortening (FS), left ventricular ejection fraction (EF), heart rate (HR), left ventricular internal dimension (LVID) in diastole and systole (LVID,d and LVID,s, respectively), left ventricular posterior wall (LVPW) thickness in diastole and systole (LVPW,d and LVPW,s, respectively), and the interventricular septum (IVS) dimension in diastole and systole (IVS,d and IVS,s, respectively).
Histological analysis
The collected heart tissues were fixed, dehydrated, and then embedded in paraffin. The myocardium sections (5 μm) were stained with hematoxylin and eosin (HE) for histopathology or Sirius-red to examine collagen deposition under light Olympus BX50 microscopy. FITC-conjugated wheat germ agglutinin (WGA, Invitrogen Corp) was used to determine the myocyte cross-sectional area, and 4',6-diamidino-2phenylindole (DAPI)was used to identify the nuclei. A single myocyte was measured using an image quantitative digital analysis system (Image Pro-Plus version 6.0). A minimum of 100 myocytes per mouse was selected for analysis in each group. Collagen and non-collagen components were red-stained and orange-stained, respectively. The slides were examined microscopically and the fibrotic area was determined by the area of myocardial collagen/the area of the field using Image Pro-Plus version 6.0 image analysis software (Media Cybernetics, Bethesda, MD, USA) using the same parameters. The percentage of the tissue stained was determined (in 6 fields per sample). The apoptosis of myocytes was assessed by a commercial TUNEL assay kit. The relative positive cells were quantified using Image J software.
Detection of HNO and H 2 S in H9c2 cells
A thiol-based fluorescent probe (NitroxylFlour, a free gift from Dr Jefferson Chan) is a sensitive and selective probe for HNO detection [15] . In brief, the cells were incubated with NitroxylFlour (5 μM) in a serum-free cell media for 15 min before the probe solution is removed and replaced with fresh media. Then, NaHS (100 μM), nitroprusside (SNP, 100 μM), combination of SNP (100 μM) and NaHS (100 μM) or AS (100 μM) were added, respectively. After incubation of 15 min, the fluorescence signals were obtained by a fluorescence microscope (DMi 8; Leica, Microsystems, Germany), and the photomicrographs were quantified. A commercial specific fluorescent probe (WSP-1, 20 μM) was used to detect the endogenous H 2 S in H9c2 cells as previously described [16, 17] . The measured fluorescence intensity was normalized to the control cells.
Cell culture
The H9c2 embryonic rat heart-derived cell line (American Type Culture Collection, Rockville, MD, USA) was cultured in DMEM supplemented 10% FBS equilibrated with humidified incubator containing 5% CO 2 at 37°C. H9c2 cells were pretreated with HNO scavenger Lcysteine (L-cys, 3 mM) for 30 min before AS treatment for another 30 min, and then stimulated by high glucose (HG, 33 mM) for 48 h. In other groups, H9c2 cells were pretreated with L-NAME (300 μM) for 30 min before NaHS (100 μM) treatment for another 30 min and then stimulated by high glucose (HG, 33 mM) for 48 h. The primary neonatal mouse cardiomyocytes were isolated from 1 to 3 day-old C57BL/6 neonatal mice as previously depicted [18] [19] [20] . In brief, the hearts were digested by using 0.2 mg/ml collagenase type II (Worthington Biochemical, Lakewood, NJ) and 0.6 mg/ml pancreatin (Sigma, MAK030, St. Louis, MO). The supernatant-containing suspended cells were cultured in minimum essential medium with 10% FBS for 2 h to remove non-myocytes. Then, the culture medium was changed 48 h after seeding to minimum essential medium containing 10% FBS with 1% penicillin-streptomycin. In order to mimic the increased glucose level in diabetes, the H9c2 cells or primary neonatal mouse cardiomyocytes were cultured in 5.5 mM D-glucose (normal glucose) or 33 mM D-glucose (HG, Sigma, St. Louis, MO, USA) as previous reports [21, 22] .
Cell viability assay and LDH release assay
CCK-8 kits were employed to evaluate H9c2 cell viability in accordance with the manufacturer's protocols. Briefly, the cells were plated into 96 wells at a density of 1 × 10 4 cells, to adhere overnight, and then treated with different chemicals for 48 h under normal glucose (NG, 5.5 mM) or high glucose (HG, 33 mM) condition [22, 23] . Finally, 10 μl of the WST-8 mixture solution was added into each well, and incubated for 2 h at 37°C. The absorbance was measured spectrophotometrically at 450 nm with a Varioskan Flash microplate reader from Thermo Electron Corporation (Waltham, MA. USA). EdU incorporation assay was used to probe the proliferation of H9C2 cells following the manufacturer's protocols. In short, the stimulated cells were labeled with an optimized EdU concentration (10 μM) for 2 h, followed by cell fixation and permeabilization, and the nucleus was stained with Hoechst 33342. Eventually, the EdU-positive cells and Hoechst 33342-stained cells were photographed by a fluorescence microscope (DMi 8; Leica, Microsystems, Germany). LDH release assay was carried out by a commercial LDH-cytotoxicity assay kit according to the manufacturer's suggestions. After 30 min coupled enzymatic assay in cell supernatants, the absorbance was determined with Varioskan Flash microplate reader at 490 nm.
JC-1 staining and TUNEL staining
Mitochondrial membrane potential (Δψm) was determined by the fluorescent dye JC-1. In brief, the cells were incubated with JC-1 for 20 min at 37°C. Then, the cells were washed again with PBS, and the images for JC monomers (Green fluorescence; 535 nm) and JC aggregates (Red fluorescence; 570 nm) were photographed by a fluorescence microscope (DMi 8; Leica, Microsystems, Germany). Cell-LightTM EdUTP TUNEL (RiboBio, Guangzhou, China) was used to determine the cell apoptosis. In short, the cells were seeded onto 96 wells at a density of 1 × 10 4 cells and the challenged cells were washed, fixed and permeated with 0.5% Triton X-100 in PBS. The cells were then incubated with TdT enzyme-EdUTP mixture for 1 h at 37°C, Apollo® dye was added for 30 min in the dark, and cells were finally stained by DAPI. The TUNEL-positive cells were captured by a fluorescence microscope (DMi 8; Leica, Microsystems, Germany).
Measurement of intracellular and mitochondrial ROS
Intracellular ROS levels were examined by the fluorescent probe DHE as previously described [24] . H9c2 cells or heart tissues were loaded with DHE (10 μM) for 30 min under a light-protected humidified chamber. After washing with PBS, the fluorescence signals were visualized using a fluorescence microscope (DMi 8; Leica, Microsystems, Germany). For measurement of mitochondrial ROS, H9c2 cells were treated with the mitochondrial superoxide-sensitive fluorescent dye MitoSOX Red (5 μM) for 30 min. Red fluorescence was indicated as mitochondrial superoxide, which was analyzed by a fluorescence microscope (DMi 8; Leica, Microsystems, Germany). The intracellular and mitochondrial ROS levels were quantified and normalized to the control cells.
Measurement of intracellular NO production
The stimulated cells were incubated with fluorescent indicator DAF-FM diacetate (2 μM) for 30 min for measuring intracellular NO production as previous report [25] . The green fluorescence was excited at 488 nm and imaged through a 525 nm long-path filter. In addition, Griess reagent was used to measure the nitrate content as previously described [26] . In other words, the NO levels were determined by a fluorometric method (Beyotime Biotechnology Inc., Shanghai, China) and standardized to the protein level.
Measurement of malondialdehyde (MDA) level, superoxide dismutase (SOD), and glutathione (GSH) activities
The content of MDA, SOD and GSH activities were determined using commercial assay kits following the manufacturer's instructions [27] . The samples were homogenized and then centrifuged at 12,000×g for 15 min at 4°C to obtain the supernatant. MDA content was detected by a Lipid Peroxidation MDA assay kit [28] . The activities of SOD and GSH were measured using a SOD reagent kit or a glutathione reductase assay kit, respectively. The final results were normalized to the protein content.
Transfection of siRNA
H9c2 cells were plated in 6-well plates to form a monolayer on the day before the transfection. After 30-50% confluence, H9c2 cells were transfected with a scrambled siRNA or Cav-3 siRNA (100 nM; Santa Cruz Biotechnology, Santa Cruz, CA) for 6 h by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocols [24] . The transfected cells were then washed twice with sterile PBS, changed with complete media and used for further experiments.
Immunofluorescence
The collected H9c2 cells were incubated with the primary anti-actinnin antibody overnight at 4°C. After three washes with PBS, the cells were incubated with goat anti-mouse cross-adsorbed secondary antibody Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA). Nuclei were stained with DAPI. The fluorescence images were captured by a fluorescence microscope (DMi 8; Leica, Microsystems, Germany).
Immunoprecipitation
For co-immunoprecipitation assays, the collected cells were lysed in RIPA lysis buffer. The cell lysates were incubated with protein A/G agarose beads (Santa Cruz, CA. USA) and 2 μg of indicated antibodies or the same amount of control IgG overnight at 4°C. In addition, the matrix was further washed 3 times with cold IP buffer and the immunoprecipitates were probed with primary antibodies in a Western blot analysis.
Quantitative or semi-quantitative PCR
Total RNA in each sample was extracted by using a Trizol reagent (Life Technologies, Gaithersburg, MD, USA) in accordance with the manufacturer's protocols. The equal RNA content (0.5 μg) was used to reverse transcriptase reactions using GoScript Reverse Transcription System (Promega Madison, WI, USA). In animal hearts, quantitative real-time PCR (qRT-PCR) was conducted by using GoTaq® Probe qPCR Master Mix (Promega Madison, WI, USA) under ABI Real-Time PCR System (Applied Biosystems ABI). Experimental Ct values were normalized to GAPDH by the ΔΔ Ct method and relative mRNA expression was calculated from the value of threshold cycle (Ct). In cell samples, the cDNAs were synthesized from mRNAs and analyzed by semiquantitative RT-PCR. All used primers were listed in Supplementary  Table 1 and Table 2 ). The relative mRNA levels were normalized to GAPDH/β-actin expression.
Immunoblot analysis
Equal amounts of protein in each sample were loaded onto sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to PVDF membrane. The membranes were blocked with 5% skim milk in Tris-buffered saline containing 0.1% Tween 20 for 1 h at room temperature. Then, the membranes were incubated with the indicated primary antibodies overnight at 4°C. After that, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. The immune blots were developed using enhanced chemiluminescence system (Millipore, Billerica, MA, USA). The specific protein expression levels were normalized to the levels of house-keeping gene on the same PVDF membrane.
Statistical analysis
All results were presented as mean ± SEM. Comparison between two groups was analyzed using Student's t-test. Comparison among three or more groups was analyzed using ANOVA followed by Bonferroni test post hoc test (assuming equal variances). The criterion of statistical significance was P < 0.05.
Results
H 2 S interacts with NO to generate HNO in H9c2 cells
With the aid of a modified thiol-based fluorescent probe, we examined the formation of HNO from the interaction of H 2 S and NO in H9c2 cells. The basal HNO fluorescent signals were enhanced upon challenge with NaHS, a H 2 S donor, but not by treatment with SNP, a NO donor. Pretreatment with L-NAME, an eNOS inhibitor, mitigated the production of HNO induced by NaHS. The amount of HNO produced by mixture of NaHS and SNP was comparable to that caused by AS, a HNO donor ( Fig. 1a and b) . Interestingly, treatment with HG obviously reduced the levels of the endogenous HNO ( Fig. 1c ) and H 2 S (Fig. 1d) . These findings suggest that H 2 S may interact with endogenous NO to produce HNO in H9c2 cells. To study whether this is mediated by suppression of H 2 S-generating enzyme activity, we determined the protein expression of cystathionine gamma-lyase (CSE), a key enzyme for H 2 S production in H9c2 cells to generate H 2 S. As shown in Fig. 1e , HG significantly reduced CSE expression in H9c2 cells, which was consistent with a previous report [29] . Taken together, our findings suggested that the decreased CSE-derived H 2 S may be responsible for HG-induced suppression of HNO generation in H9c2 cells.
Effect of HNO on cell viability and apoptosis in H9c2 cells
To explore whether HNO produced any cytotoxic effect, we treated the H9c2 cells with different doses of HNO donor AS for 24 h. The results showed that HNO donor AS exhibited no significant effect on the viability of H9c2 cells (Fig. 2a) . To determine the optimized dose of AS in protecting against HG-induced cell injury, a concentration response curve was carried out. Both CCK-8 assay and LDH release showed that AS dose-dependently restored the declined cell viability in HG-incubated H9c2 cells, reaching its maximal effects at the concentration of 100 μM (Fig. S1) . As a result, the appropriate concentration of AS (100 μM) was chosen in the subsequent cell experiments. The decreased viability of H9c2 cells in HG group was restored by either AS or NaHS alone (Fig. 2b) . The similar results were also found by measurement of LDH release (Fig. S2 ). EdU assay further demonstrated that HNO prevented HG-induced cell injury and promoted the viability of H9c2 cells (Fig. 2c ). TUNEL assay showed that HG evoked cell apoptosis in H9c2 cells and this effect was significantly attenuated by AS and NaHS (Fig. 2d) . To confirm the anti-apoptotic effect of AS, we measured the expressions of pro-apoptotic proteins (cleaved-caspase 3 and Bax) and anti-apoptotic protein Bcl-2 in H9c2 cells. As shown in Fig. 2e -h, both AS and NaHS attenuated the apoptotic effect of HG in H9c2 cells. Interestingly, the beneficial effect of HNO was abolished by an HNO scavenger L-cysteine (L-cys), whereas that of NaHS was attenuated by L-NAME, an eNOS inhibitor. These results imply that the beneficial effect of NaHS may be mediated by endogenous NO. We also examined the anti-apoptotic effect of HNO on primary neonatal mouse cardiomyocytes ( Fig. S3 ). Similar results were found in these primary neonatal cardiomyocytes and further confirming that the beneficial effect of HNO in cardiac myocytes.
Effect of HNO on oxidative stress and mitochondrial dysfunction in H9c2 cells
Oxidative stress and mitochondrial dysfunction play central roles in the pathophysiology of HG-induced cell injury [30] . To determine whether the protective role of HNO against cell damage is related to reduction of ROS or mitochondrial functional homeostasis, redox status was detected by DHE probe, mitochondrial ROS were monitored by MitoSox Red and mitochondrial permeability transition was evaluated by JC-1 staining. As shown in Fig. 3a -c, AS and NaHS significantly reduced HG-induced ROS production ( Fig. 3a and b ) and MDA formation ( Fig. 3c ). Moreover, HG-reduced the activities of SOD ( Fig. 3d ) and GSH (Fig. 3e) were reversed by AS and NaHS, suggesting that both of them may preserve the activities of antioxidant enzymes. The contribution of NADPH oxidase in the generation of ROS was detected with western blotting assay. As shown in Fig. 3f -h, pretreatment with AS and NaHS abrogated the upregulated protein expressions of NADPH oxidase subunits p47 phox (Fig. 3f , g) and p22 phox (Fig. 3f, h) in H9c2 cells treated with HG. To study whether the effect of HNO was mediated by preserving mitochondrial function, we detected mitochondrial fission and membrane potential. As expected, AS and NaHS prevented HG-induced mRNA expressions of fission proteins Drp-1 ( Fig. 3i and j) and Fis-1 (Fig. 3i, k) . Similarly, AS reversed HG-induced mitochondrial ROS generation ( Fig. 3l ) and membrane potential loss in H9c2 cells (Fig. 3m) . Notably, the above effects of AS were eliminated by L-cys, an HNO scavenger, confirming the effects of AS were mediated by HNO. Pretreatment with NaHS produced similar effects as AS. Interestingly, the protective effects of NaHS were significantly attenuated by L-NAME, indicating that the protective effects of NaHS may be attributed to the endogenous NO production. Consistent with the findings in cell line, HNO scavenger, L-cys, and eNOS inhibitor, L-NAME, abolished the effects of AS and NaHS, respectively, on NADPH oxidase subunits p47 phox and p22 phox protein levels in primary neonatal mouse cardiomyocytes (Fig. S4 ).
Effect of HNO on the cell size of H9c2 cells
We also investigated the effects of HNO on HG-induced cardiac hypertrophy. We detected cell morphology with immunofluorescence staining of α-actinin and mRNA levels of different hypertrophic markers. It was found that HG increased cell size (Fig. 4a,c ) and the mRNA levels of hypertrophic markers (e.g. ANP, BNP and β-MHC (Fig. 4b,d ). Pretreatment with AS or NaHS abolished these effects. Similarly, L-cys and L-NAME eliminated the protective action of HNO and NaHS, respectively. Likewise, this effect was also confirmed in primary neonatal mouse cardiomyocytes (Fig. S5 ).
Effect of SNP and Piloty's acid on H9c2 cell injury induced by HG
In biological medium, HNO donor AS may also yield NO [31, 32] . We therefore observe whether HG-induced damages can be mitigated by NO. As shown in Fig. S6 , NO donor SNP is insufficient to limit HGinduced cell vitality injury, apoptosis, ROS generation, and hypertrophy in H9c2 cells. In addition, the protective effects of HNO against HG-induced H9c2 cell injury were also validated by another HNO donor Piloty's acid [33, 34] , as pretreatment with Piloty's acid obviously relieved HG-induced cell toxicity, cell apoptosis, oxidative stress, and hypertrophy in H9c2 cells (Fig. S7) . Taken together, it is highly probable that HNO donors, rather than NO donors, may be an attractive addition to the current therapeutic armamentarium for treating diabetic cardiomyopathy.
HNO stimulates NO production via Cav-3/eNOS interaction in cardiomyocytes
Of the three Cav isoforms in mammalian caveolae, Cav-3 is largely expressed in cardiomyocytes and it co-localizes to eNOS, thus permitting eNOS activation and NO release by cell surface receptor [35, 36] . Therefore, Cav-3 is important for maintaining the function of NO, an endogenous inhibitor of hypertrophic signaling in the heart [37] . For this reason, we examined whether the protective effect of HNO against HG-induced cell injury was related to the recovery of Cav-3/eNOS association and its downstream NO signaling. Under basal conditions, the NO fluorescent intensity ( Fig. 5a and b) and content (Fig. 5c ) were enhanced by AS treatment. However, exposure to HG significantly inhibited NO production, and this effect was reversed by AS treatment (Fig. 5a-c) . Accordingly, AS significantly attenuated the reduced p-eNOS and Cav-3 expressions in HG-incubated H9c2 cells (Fig. 5d ). Co-IP analysis showed that eNOS remained constitutively associated with Cav-3 under NG conditions (Fig. 5e ). However, HG stimulation reduced this association, whereas AS treatment restored this interaction. To examine the potential function of Cav-3 on NO production in H9c2 cells, we used siRNA to knockdown the Cav-3. As shown in Fig. 5f , transfection with Cav-3 siRNA significantly reduced the protein expression of Cav-3 and prevented the effect of AS on NO production under both normal and HG conditions (Fig. 5g) . These results suggested that the Cav-3/eNOS/NO signaling pathway was a critical contributor to the protective effects of AS on HG-induced cell injury.
The effects of HNO are mediated by Cav-3/eNOS complex in cardiomyocytes
We next asked whether disruption of Cav-3/eNOS complex could eradicate the protective effects of AS, we treated H9c2 cells with inhibitor or siRNA to disrupt this complex. As expected, blockade of eNOS with L-NAME abolished the ability of AS to reverse the effects of HG on cell viability (Figs. S8a and c), cell apoptosis ( Figs. S8b and d) , oxidant stress (Figs. S8e and i), mitochondrial ROS production (Figs. S8f and j), and mitochondrial dysfunction (Fig. S8g) , as well as cardiomyocyte hypertrophy (Figs. S8h and k) in H9c2 cells. The similar results were also found in H9c2 cells with deficiency of Cav-3 (Fig. S9) . These results further reinforced our hypothesis that the Cav-3/eNOS complex was most likely required for AS to ameliorate HG-induced cell injury.
HNO attenuates diabetes-induced myocardial damage in vivo
Our in vitro results showed that HNO exerted a protective role against HG-induced cardiomyocyte injury. To further explore the pathophysiological significance of HNO in DCM, we used HNO donor AS to treat myocardial lesions in STZ-induced diabetic mice. Echocardiography results demonstrated that the decreased ejection fraction (EF) and fractional shortening (FS) in diabetic mice were remarkably ameliorated by AS treatment, suggesting a protective role of HNO in cardiac function during the progression of DCM (Fig. 6a-d) . Furthermore, as shown in Table S3 , diabetic mice showed a decrease in cardiac structure parameters (IVS and LVPW; diastolic and systolic).
These deficits were significantly reversed in AS-treated diabetic mice. All cardiac structural and functional parameters in AS-treated diabetic mice were similar to non-diabetic control mice. In comparison with control mice, STZ-induced diabetic mice exhibited relatively lower body weight (Fig. 6e) and increased blood glucose level (Fig. 6f) at the end of the experiment. However, we failed to see the protective effects of AS on these two parameters. Furthermore, the myocardial structure was examined by H&E staining (Fig. 6g ), WGA staining ( Fig. 6h) and Sirius red staining (Fig. 6k) . The diabetic hearts exhibited the structural abnormalities, such as the enlarged cardiomyocyte area (Fig. 6i ) and cardiac fibrosis (Fig. 6l ), but there was no significant evidence of these abnormalities in the heart tissues of diabetic mice treated with AS. Consistently, the mRNA expressions of hypertrophic markers (ANP, BNP, β-MHC, Fig. 6j ) and fibrotic markers (Collagen I, Collagen III and CTGF, Fig. 6m ) were highly increased in diabetic hearts. However, administration of AS prevented these increased hypertrophic and fibrotic parameters in diabetic mice.
Consistent with in vitro results, DHE staining in the heart tissues demonstrated that the levels of ROS were much lower in diabetic mice treated with AS (Fig. 7a, c) . In addition, the oxidative stress protein markers, such as NADPH oxidase subunits p47 phox and p22 phox protein levels were suppressed by AS in diabetic mice (Fig. 7e ). We also assessed the effect of AS on the cell apoptosis in the heart tissues of diabetic mice. As shown in Fig. 7b, d , the increased TUNEL-positive cells in diabetic hearts were remarkably counteracted by AS treatment. Furthermore, the downregulated protein levels of Bcl-2 in diabetic mice were almost turned back to normal level after administration of AS (Fig. 7f ). The protein levels of cleaved-caspase 3 and Bax were decreased to similar levels as control mice when diabetic mice were treated with AS ( Fig. 7f ). These results clearly indicated that AS prevented myocardial damage induced by diabetes.
HNO attenuates diabetes-interrupted Cav-3/eNOS complex in vivo
To test whether the Cav-3/eNOS complex was impaired under HG condition in vivo, the Cav-3/eNOS complex and downstream NO signaling was also examined in diabetic hearts. Similar to in vitro results, the downregulated phosphorylated eNOS and Cav-3 levels, as well as the impaired Cav-3/eNOS interaction were observed in the heart tissues from diabetic mice, but these abnormalities were remarkably reversed by HNO donor AS treatment (Fig. 8 ).
Discussion
DCM is featured by complex changes including cardiomyocyte hypertrophy, fibrosis and ventricular dysfunction [12] . However, the precise mechanisms of DCM have not been fully elucidated. Therefore, identification of novel modulators or new ideal drugs in DCM is highly warranted. In the present study, our data revealed that HG stimulation decreased cell viability, increased cell apoptosis and oxidative stress, accompanied by reduced HNO formation in cardiomyocytes, while these changes were reversed by HNO donor AS. In mice, STZ-induced hypertrophy, fibrosis, and cardiac dysfunction were retarded by administration of AS. Mechanistically, we demonstrated that AS promoted the complex formation of Cav-3/eNOS, thereby reducing hyperglycemia-induced cardiomyocyte damages in vitro and in vivo (Fig. S10) .
Cardiovascular complications are the major cause of mortality and morbidity in diabetic subjects [3] . The pathophysiology mechanisms underlying diabetes-induced cardiac damages are complex and multifactorial, while cardiomyocyte apoptosis, oxidative stress and mitochondrial dysfunction are taken as key contributors [38] . A plethora of evidence has demonstrated that the decreased cell viability, enhanced cell apoptosis and ROS generation, increased cardiomyocyte hypertrophy, as well as the dissipation of mitochondrial membrane potential are observed in H9c2 cells exposed to HG stimulation [39] [40] [41] . The cardiovascular functions of HNO have been recently investigated, it enhances heart contractility and induces vasodilation [7] . HNO donors are reported to suppress cardiomyocyte superoxide generation and hypertrophy [9, 10] . H 2 S is described as a gasotransmitter that protects against HG-induced cardiomyocyte injury and inflammation, including cell cytotoxicity, apoptosis and ROS overproduction [42] . We found that exogenous HNO and H 2 S relieved HG-trigger cell cytotoxicity and apoptosis, excessive ROS production and impaired mitochondrial function in H9c2 cells, suggesting that both HNO and H 2 S could protect cardiac cells against HG-induced myocardial damage.
Notably, the chemical interaction between H 2 S and NO to form HNO in many biological systems has gain substantial attention [43] [44] [45] [46] [47] . Specifically, blockade of NO production by L-NAME reversed the proliferative effect of H 2 S on endothelial cells [48] . Incubation of cultured vascular smooth muscle cells with NO donor drugs significantly enhanced the transcriptional level of CSE and H 2 S production [49] . Considering the functional and protective roles of HNO in cardiovascular system, the elucidation of HNO formation by H 2 S-NO crosstalk would improve our understanding of the pathogenic mechanisms of HNO in cardiovascular ailments. In the current study, our data confirmed that both HNO donor AS and H 2 S donor NaHS significantly elevated the HNO fluorescence intensity in H9c2 cells, which were prevented by HNO scavenger L-cys or nitric oxide synthase inhibitor L-NAME, respectively. Similarly, the mixture of both H 2 S donor NaHS and NO donor SNP also produced the formation of HNO. These results proposed that the crosstalk between H 2 S and NO may be responsible for the endogenous formation of HNO, which may be of physiological significance in the heart. Intriguingly, we found that the endogenous HNO was reduced in H9c2 cells upon HG challenge, the reduction of endogenous HNO formation in H9c2 cells may be attributed to the reduced H 2 S-producing enzyme, CSE.
NO is indispensable for cardiovascular system homeostasis [50] , and eNOS, an enzyme responsible for NO generation, may be of tremendous value for treatment of diabetic heart dysfunction [51, 52] . Caveolins are highly expressed in cardiovascular cells, and they have been implicated in the regulation of endothelial barrier function, NO synthesis, cholesterol metabolism, and cardiac function [53] . Three integral isoforms of caveolins are observed in mammalian caveolae (caveolin 1, 2, 3), among of which, Cav-3 is abundantly expressed in cardiac cells [35] . Cav-3 protein levels in the myocardium are depressed in diabetic conditions [52, 54] . Cav-3 has also been shown to colocalize with eNOS [55] , which may promote eNOS activation by both cell surface receptors and cellular surface NO release for intercellular signaling in cardiomyocytes [36] . Restoration of the Cav-3/eNOS/NO signaling pathway could ameliorate myocardial dysfunction and postischemic injury in diabetic rats [51] . The decreased Cav-3 protein level in diabetic hearts may result in caveolae dysfunction, which plays a vital role in eNOS/NO signaling impairment in cardiomyocytes. Our results showed that cardiomyocyte Cav-3 expression, eNOS phosphorylation, and NO production as well as colocalization of Cav-3 and eNOS were significantly reduced after HG exposure, and HNO treatment reversed these abnormal changes in HG-incubated cells. Additionally, disruption of Cav-3 by siRNA prevented the NO production induced by HNO. Importantly, blockade of Cav-3 or eNOS abolished the therapeutic effect of AS on H9c2 cells under HG condition. Furthermore, treatment of diabetic mice with AS enhanced the association of Cav-3 and eNOS, and increased Cav-3 and eNOS phosphorylation to comparable to those in the control mice. These data collectively suggest that the association of Cav-3 and eNOS is required for eNOS activation and subsequent NO generation in cardiomyocytes response to AS, thereby playing a protective role in diabetic hearts.
In addition to HNO, AS may also release NO in the biological conditions. However, AS-mediated protection is less likely caused by NO based on the following reasons. Firstly, decreased NO responsiveness, namely NO resistance, was found in many cardiovascular diseases, prominently in diabetes [56] , even if pure NO is provided [57] [58] [59] . This suggests that NO-related signaling cascade is impaired in the disease situation. On the contrary, HNO-dependent signaling is still preserved in those disease conditions [60, 61] . Interestingly, HNO donors can effectively attenuate NO resistance in the diabetic myocardium [62] . Secondly, our present results showed that HG-induced cell injury can be attenuated by two HNO donors, AS and Piloty's acid, but not by a NO donor, SNP. More importantly, a selective scavenger of HNO (L-cys) abolished the protective effects of AS against hyperglycemia-induced cell injury in H9c2 cells. Collectively, these results clearly suggest that the effects of AS is secondary to HNO rather than NO.
The characteristics of DCM are manifested by left ventricular diastolic and systolic dysfunction, accompanied by adverse structural changes including cardiomyocyte hypertrophy, apoptosis, oxidative stress, cardiac fibrosis and inflammation [63] . Doppler echocardiography results showed that diabetic mouse cardiac function was largely restored by HNO donor AS treatment. Additionally, HNO administration alleviated diabetes-induced cardiac remodeling such as cardiac hypertrophy, fibrosis, oxidative stress and apoptosis, as evidenced by both pathological staining and biochemical markers of myocardial injury. Thus, based on the above evidence, we concluded that the antiapoptotic, anti-hypertrophic and anti-oxidant properties were involved in HNO-induced cardiac protection against diabetes. These beneficial actions seem to be a direct effect on the myocardium, which is not related with blood glucose regulation.
In summary, our present work vigorously demonstrated that the complex formation of Cav-3/eNOS is likely required for HNO to prevent hyperglycemia-induced cardiomyocyte damage at both cellular and animal levels, thus leading to improved diabetic cardiac function. Therefore, our results indicate that targeting the Cav-3/eNOS complex may be a promising therapeutic avenue in the treatment of DCM. It is noteworthy that the roles of HNO in cardiac damage induced by other diabetic models, such as the Akita mice (a model of insulin-deficient genetic diabetes), db/db mice, and ob/ob mice are undefined. Therefore, a comprehensive study is required to address this in the future. Moreover, further research will be needed to investigate the underlying mechanisms of HNO using cardiac specific Cav-3/eNOS overexpression or Cav-3/eNOS knockout mice.
Limitations
While there are many HNO donors currently available, the HNOreleasing agent most commonly used for animal studies is the prototypic HNO donor AS despite that its half-life is very short and it is also a co-generator of NO 2 [64] [65] [66] [67] [68] . For instance, in vivo administration of HNO donor AS is protective against vascular dysfunction [69, 70] , septic arthritis [71] , neuropathic pain [72] , and acute heart failure [73] . However, the present investigation has limitations inherent to any integrative in vivo studies because the exact fate of AS and its cellular interactions can not be defined. Similar to AS, H 2 S is a signaling molecule that plays a variety of roles in mammalian systems although its short half-life (several minutes) and extensive reactivity [74] [75] [76] . Despite that NaHS can only provide instantaneous H 2 S generation because of its short half-life, supplementation with the H 2 S donor NaHS could attenuate the development of diabetic cardiomyopathy [77] . In similarity with H 2 S, the biological effects of AS seem to be unaffected even if its biological half-life is very short. Anyway, it is indispensable to examine plasma AS concentration in the future research, and measurement of the pharmacokinetics of AS in animals is vital for a better understanding of its biological activities. Ultimately, the pure and longer-lasting HNO donors may be an attractive alternative for advancing the novel pharmacological actions of HNO.
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